Abstract Adolescent physical activity may protect against premenopausal breast cancer. Whether it also prevents postmenopausal breast cancer, and whether associations are independent of adult activity, is unclear. We evaluated this association among 75,669 women in the Nurses' Health Study II. In 1997, participants reported strenuous, moderate, and walking activity (hours/week) at ages 12-13, 14-17, 18-22, and 23-29 years. We estimated metabolic equivalent task hours (MET-h)/week. Participants also reported current physical activity over follow-up. Breast cancer diagnoses (n = 2,697; premenopausal = 1,351; postmenopausal = 965) through 2011 were reported by participants and confirmed with medical records. We additionally stratified analyses by median age at diagnosis. In Cox proportional hazards models adjusted for adolescent characteristics, physical activity from ages 14-22 was modestly inversely associated with premenopausal breast cancer [e.g., hazard ratio (HR) comparing 72? to \21 MET-h/week 0.81 (95 % confidence interval (CI) 0.69-0.95; p-trend = 0.10) for ages 14-17 and 0.85 (95 % CI 0.71-1.02; p-trend = 0.06 for ages 18-22]. However, adjustment for adult activity and additional breast cancer risk factors attenuated the associations [ages 14-17: 0.85 (95 % CI 0.73-1.00; p-trend = 0.33)]. Associations were stronger among women diagnosed at younger ages [e.g., ages 18-22, HR 0.77 (95 % CI 0.60-0.99; p-trend = 0.05) for women diagnosed before 46.9 years; HR 1.02 (95 % CI 0.79-1.32; p-trend = 0.94) for those diagnosed at/after 46.9 years]. Early life physical activity was not associated with postmenopausal breast cancer. Overall, adolescent physical activity was not associated with breast cancer risk. However, we observed a suggestive inverse association of physical activity at ages 14-22 years with premenopausal breast cancer.
Introduction
Adult physical activity appears to reduce breast cancer risk. In a recent meta-analysis of 31 prospective cohort studies comprising 63,786 breast cancer cases, a 12 % lower risk [relative risk (RR) 0.88; 95 % confidence interval (CI) 0.85-0.91] was observed for women in the highest category of activity compared with the lowest [1] . An estimated ten percent of breast cancers worldwide are attributable to adult inactivity [2] . Physical activity may reduce risk through several mechanisms, including changing menstruation patterns, increasing insulin sensitivity, and reducing fat mass, inflammation, and production of adipokines and sex hormones [3] . Previous studies in adults suggest a stronger association with estrogen receptor (ER)-negative cancers [4, 5] .
Adolescence is a time of heightened susceptibility to breast cancer risk factors because breast tissue is still developing [6, 7] . In the Nurses' Health Study II (NHSII), greater lifetime physical activity was associated with a lower premenopausal breast cancer risk [hazard ratio (HR): 0.77 (95 % CI 0.64-0.93) comparing 39? metabolic equivalent task hours (MET-h)/week of average lifetime activity to less activity], and physical activity during ages 12-22 years contributed most to this association [8] . However, this prior study included only 550 cases over limited follow-up (6 years). Additionally, authors of a recent meta-analysis did not find that physical activity during early life was more protective of breast cancer risk than adult activity [1] . Finally, whether adolescent physical activity protects against postmenopausal breast cancer, and whether associations are independent of adult physical activity, is not clear.
We assessed whether early life physical activity is associated with breast cancer risk, independent of adult activity, in the NHSII. We hypothesized that adolescent physical activity is protective for premenopausal and postmenopausal breast cancer, even after adjustment for adult activity, and that associations are strongest in women with ER-negative tumors.
Methods

Study population
In 1989, 116,430 US female registered nurses ages 25-42 years completed the initial NHSII questionnaire. Information is collected biennially through mailed questionnaires.
Follow-up for this analysis began in 1997, when adolescent physical activity was assessed. From 78,733 women with complete information about adolescent and adult physical activity on this questionnaire, we excluded women with a previous cancer diagnosis (except non-melanoma skin cancer) or an unknown date of breast cancer diagnosis, leaving 75,669 participants. The cumulative follow-up was over 90 % of the total possible person-years of follow-up from baseline.
Physical Activity Assessment
Women reported the average time per week (in seven categories ranging from 0 to C11 h) spent in (1) walking to/from school/work, (2) moderate recreational activity (e.g., hiking, walking for exercise, casual cycling, or yard work), and (3) strenuous recreational activity causing increased breathing, heart-rate, or sweating (e.g., running, aerobics, or lap swimming) at/in grades 7-8 in school (ages 12-13), grades 9-12 (ages 14-17), ages 18-22, and ages 23-29. To create a total activity score weighted by intensity, MET-h/week [9] were assigned using the following formula: (3.0 * hours of walking) ? (4.5 * hours of moderate activity) ? (7.0 * hours of strenuous activity). We grouped activity into categories used previously [8] .
In 1989, 1991, 1997, 2001 , and 2009, women reported average time per week (in 10 categories ranging from none 0 to C11 h) during the preceding year spent in walking or hiking outdoors, jogging, running, bicycling, lap swimming, tennis, calisthenics/aerobics/aerobic dance/rowing machine, and squash/racquetball. To calculate adult activity, MET scores for walking were assigned using reported pace (average: 3.0 METs); an intensity score was selected for the other activities, as described previously [10] . We calculated updated cumulative average physical activity at each cycle during follow-up for each participant using all available adult data (e.g., 1997 and 1999 used mean activity in 1989, 1991, and 1997; 2001 and 2003 used mean activity in 1989, 1991, 1997, and 2001; etc.) . We grouped adult activity into categories used previously [8] . In a validation study in 151 NHSII participants, the adult activity questionnaire underestimated moderate/vigorous activity compared with four 7-day activity diaries, but the correlation for moderate/vigorous activity (MET-h/week) was relatively strong (r = 0.62), suggesting that the questionnaire is reasonably valid for ranking participants [11] .
Breast cancer case ascertainment
Women reported incident cancer diagnoses on biennial questionnaires through 2011. We reviewed medical records to confirm diagnoses and classify invasiveness and hormone receptor status. To identify cancers in non-respondents who died, death certificates and medical records were obtained.
Covariate assessment
At each cycle, we calculated participant age using birth date and questionnaire return date. In 1989, participants reported height, age at menarche, oral contraceptive (OC) history, reproductive history, alcohol intake at ages 15-17, 18-22, and 23-39 years, and body size at ages 10 and 20 years (using a nine category figure drawing developed by Stunkard et al. [12] , as described previously [13] ). Biennially, women reported weight, new pregnancies, breastfeeding duration (through 2003), OC and postmenopausal hormone use, menopausal status, age at menopause, and benign breast disease diagnosis. Women missing menopausal status were considered postmenopausal after a hysterectomy/bilateral oophorectomy or if a non-smoker over age 56 years/current smoker over 54 years, and premenopausal if a non-smoker under age 48 years/current smoker under 46 years. Every four years, women reported family history of breast cancer and alcohol consumption was measured with a semi-quantitative food frequency questionnaire. We calculated updated cumulative average alcohol consumption.
Statistical analysis
Person-time for each participant was calculated from the 1997 questionnaire return date to date of cancer diagnosis, death from any cause, loss to follow-up, or June 1, 2011, whichever came first. We used Cox proportional hazards models stratified on calendar year and age in months to estimate HRs and 95 % CIs. Covariates were updated every two years where possible. We examined categories of physical activity to allow for non-linearity and minimize the influence of outliers. We used the median values in each category as a continuous variable to test for linear trend. The associations appeared to be linear when we ran restricted cubic splines.
We adjusted for adolescent breast cancer risk factors including alcohol intake, height, age at menarche, and body size (MV 1 in tables). We ran a model additionally adjusted for adult predictors of breast cancer (MV 1?adult factors ), including possible confounders or mediators. Adjusting for OC use and adolescent menstrual cycle characteristics did not change the associations; we did not include these variables in final models.
Results were similar for invasive and in situ cases; our primary analysis included both.
We assessed premenopausal associations by age at diagnosis (above versus below median age 46.9 years), adolescent OC use, adolescent alcohol consumption, and adult BMI. We assessed interactions using likelihood ratio tests with a continuous interaction term. To determine whether associations differed by ER status, we used causespecific hazard Cox models [14, 15] . The data augmentation method described by Lunn and McNeil [16] was used to create a separate observation for each subject for each outcome type; we then stratified on event type in the Cox model analysis, allowing for estimation of separate associations of each risk factor with the relative hazard of each outcome. We used likelihood ratio tests to compare models assuming different associations of exposures with each tumor type to models assuming the same association with all types.
We assessed quintiles of ''lifetime'' [defined as mean adolescent (mean of 14-17 and 18-22 years) and adult] physical activity and breast cancer. We also categorized adolescent (ages [14] [15] [16] [17] [18] [19] [20] [21] [22] and adult activity into two groups roughly based on the median physical activity at each time period and cross-classified activity into four combinations of low/high adolescent/adult activity. We calculated a p value for interaction using a likelihood ratio test comparing a model with the main effects of adolescent and adult activity (continuous variables based on the median of the 5 categories), to a model with main effects and an interaction term.
Finally, we assessed whether substituting moderate or strenuous physical activity during adolescence in place of walking was associated with breast cancer. We created an isotemporal substitution model [17] adjusting for hours/week of moderate, strenuous, and total activity. The coefficients for moderate and strenuous activity can be interpreted as the apparent effect of substituting that type of activity for walking, while keeping total physical activity constant.
Analyses were conducted with SAS version 9.2 (SAS, Cary, USA). Statistical tests were two sided, and p values \0.05 were considered statistically significant. This study was approved by the Committee on the Use of Human Subjects in Research at Brigham and Women's Hospital. Questionnaire completion was considered to imply informed consent.
Results
Over 975,258 person-years of follow-up, 2,697 breast cancers developed (premenopausal = 1,351; postmenopausal = 965). On average, women with higher physical activity between ages 14 and 17 had a lower BMI at age 18 (21.1 versus 21.6 comparing those with 72? vs. \21 MET-h/week), were taller (65.1 versus 64.7 inches), were younger at first childbirth (26.1 versus 26.6 years), and had higher adult physical activity (47.5 versus 36.4 MET-h/week at baseline) compared to women with low adolescent physical activity (Table 1 ). More women in the highest category of activity consumed alcohol at ages 14-17 (24.7 vs. 20.6 %) and fewer experienced menarche before age 12 (23. Table 2 ]. The borderline inverse association appeared to be driven by premenopausal cases. For ages 14-17, the HR adjusted for adolescent factors was 0.81 (95 % CI 0.69-0.95; p-trend = 0.10) for premenopausal breast cancer; after additionally adjusting for adult factors the HR was 0.85 (95 % CI 0.73-1.00; p-trend = 0.33). Physical activity before age 14 and after 22 years was not associated with premenopausal breast cancer. High average physical activity between ages 14-22 (C72 MET-h/week) was associated with a modestly lower breast cancer risk [HR: 0.88 (95 % CI 0.78-0.99); p-trend = 0.04 in models adjusted for adolescent characteristics]. Early life physical activity was not associated with postmenopausal breast cancer risk.
Adolescent physical activity appeared to be more strongly related to ER-negative premenopausal breast cancer (Table 3) , although case numbers were small (697 ER-positive and 170 ER-negative cases) and values were not statistically significant. For example, in the model adjusted for adolescent and adult characteristics, the women who were most physically active at ages 18-22 had a 16 % lower risk of ER-negative premenopausal breast cancer [HR 0.84 (95 % CI 0.50-1.41; p-trend = 0.55)] compared to those with little activity, versus no association with ER-positive cancer. In general, we did not observe differences by ER status for postmenopausal breast cancer (data not shown). However, there was a suggestive association between physical activity at ages 18-22 and ERpositive cancer [n = 536 cases; top versus bottom category HR 0.72 (95 % CI 0.54-0.97; p-trend = 0.01) in the fully adjusted model], whereas for ER-negative cancer (n = 117 cases), the association was not linear and the relative risk in the top versus bottom category was 0.88 (95 % CI 0.47-1.64; p-trend = 0.86; p-heterogeneity = 0.20).
Associations of physical activity between ages 14 and 22 with premenopausal breast cancer appeared slightly stronger among women who were younger at diagnosis (Table 4) . For example, the fully adjusted association between activity at 18-22 years and premenopausal breast cancer was 0.77 (95 % CI 0.60-0.99; p-trend = 0.05) in women diagnosed before age 46.9 years (n = 677) and 1.02 (95 % CI 0.79-1.32; p-trend = 0.94) in women diagnosed at or after age 46.9 years (n = 674). However, the interactions were not statistically significant. \18 MET-h/week; p-trend = 0.05). Having both high (above the median) adolescent and adult physical activity was associated with a slightly lower risk compared to both low adolescent and adult physical activity but the interaction was non-significant [HR 0.87 (95 % CI 0.79-0.97; p-interaction = 0.11)]. 
Discussion
In this study, physical activity between ages 14 and 22 years appeared to be modestly protective for premenopausal breast cancer, but adjusting for adult physical activity and other characteristics attenuated the association. The association appeared to be slightly stronger in women with ER-negative tumors and in younger premenopausal women, although the differences were not statistically significant. Early life physical activity was not associated with postmenopausal breast cancer risk. 
Adjusted for the same variables listed in Table 2 . However, to reduce the number of covariates given limited power in ER-stratified models, some variables coded differently [history of biopsy-confirmed benign breast disease (yes, no), birth index variable incorporating parity and age at first birth (continuous, missing), breastfeeding (ever, never), and adult alcohol intake (continuous)]. 697 women had ER-positive cancer and 170 had ER-negative cancer. P value, test for heterogeneity (P-het) based on MV 1
In our study, the most frequent exercisers at ages 14-22 had a *10-15 % lower risk of breast cancer. This finding is similar, although more modest, than was previously reported in this cohort with limited follow-up; [8] in that study, the most frequent exercisers at ages 12-22 had a 25 % lower premenopausal breast cancer risk [HR 0.75 (95 % CI 0.57-0.99; p-trend = 0.05)]. The present analysis has more than twice the number of premenopausal breast cancer cases (1,351 vs. 550 cases) and follow-up time (14 vs. 6 years). The attenuation observed could be explained by differences in etiology between younger and older cases of premenopausal cancer; the additional premenopausal cases included in this analysis tended to be older. When we separated premenopausal cases by age at 
Adjusted for the same variables listed in Table 2 . Median age at diagnosis of premenopausal breast cancer was 46.9 years; women with a younger age at diagnosis were diagnosed before age 46.9 years (n = 677); women with an older age at diagnosis were diagnosed at age 46.9 years or greater (n = 674). P value, test for interaction (P-int) based on MV 1 diagnosis, the physical activity association was stronger among younger cases than older cases. Younger cases were more likely to have ER-negative tumors than older cases (20.8 vs. 15.9 %), and associations appeared to be strongest for ER-negative cancers. Thus, the more modest associations in this study could be due to a smaller proportion of total cases being ER-negative.
Being highly active in adolescence may be protective simply because physical activity at any age protects against breast cancer, and early life activity is correlated with adult activity (e.g., Spearman correlation of physical activity at ages 18-22 with current activity reported in 1997: r * 0.2). Still, among high adolescent exercisers, a suggestive association with premenopausal breast cancer remained, even after adjustment for adult activity, weight gain, and other characteristics that may be mechanisms through which adolescent physical activity influences breast cancer risk. Women who are active as adolescents are more likely to be active as adults and less likely to gain weight as they age, which could have independent effects on hormone levels/ inflammatory pathways. Overall, physical activity at earlier (12-13 years) and later (23-29 years) ages was not associated with breast cancer. The model of breast cancer risk proposed by Pike et al. [6] suggests that risk factors are most influential between menarche and first pregnancy and more recent analysis supports this idea [7] . This time period roughly coincides with the ages where the association was strongest in our study (ages 14-22).
We did not find associations between early life physical activity and postmenopausal breast cancer. Our finding contrasts with a previous case-control study reporting a strong inverse association [18] , but prospective cohort studies have shown modest or null associations. In the Women's Health Initiative Observational Study, participation in physical activity at age 18 was associated with a slightly lower, though non-significant postmenopausal breast cancer risk [RR 0.94 (95 % CI 0.85-1.04)] [19] , and in a prospective cohort of mostly postmenopausal Chinese women, no association was observed for physical activity between ages 13 and 19 years and breast cancer [20] . In the Nurses' Health Study, we found that recent physical activity was more relevant for postmenopausal breast cancer than long-term average physical activity [10] , and in 118,899 women in the prospective NIH-AARP Diet and Health Study, recent, but not early life, physical activity was associated with postmenopausal breast cancer risk [21] . In our study, women who went on to develop premenopausal breast cancer were on average 4 years younger when completing the adolescent activity questionnaire than women who went on to develop postmenopausal breast cancer; their recall may have been more accurate. Alternatively, by the time women are postmenopausal, other stronger factors may dominate and ''wash out'' any modest effects of adolescent activity on breast cancer. Taken together, these findings suggest that early life physical activity does not strongly protect against postmenopausal breast cancer, although activity later in life is probably beneficial [22] .
Several mechanisms may mediate a reduction in breast cancer risk by physical activity, particularly activity occurring during early life when breast tissue is still developing. Adolescent athletes often experience delays in menarche and reduced menstrual cycles/anovulation, which changes sex hormone exposure profiles. High levels of endogenous hormones like estrogens, androgens, and prolactin increase breast cancer risk [23] . Physical activity also can reduce fat mass and thereby change adipokine exposure. However, early life body fat appears to be protective against breast cancer risk; thus, weight change may not be a primary mechanism [24, 25] . Finally, exercise increases insulin sensitivity, reduces IGF-1, and reduces inflammation, which may help to protect against breast cancer [3, 23] . Given that in our population, the associations appeared to be strongest for ER-negative breast cancer, these non-hormonal mechanisms may be most likely to explain the observed association [26] .
Study strengths include the large sample size, comprehensive case follow-up, and detailed prospective information on adult physical activity and other covariates. This study is limited by the fact that women recalled their early life physical activity at the mean age of 42 years, which likely introduced some exposure misclassification. However, these measurements should discriminate between women with very high and very low physical activity as adolescents, and breast cancers occurred after this assessment; therefore, any misclassification is likely non-differential [8] . Non-differential misclassification would likely attenuate the associations examined, and therefore, the true associations may be stronger than those reported here. Unmeasured factors may confound the associations. However, adjustment for breast cancer risk factors did not have a large impact on the associations examined, suggesting that any additional confounding is likely small.
In this cohort study, early life physical activity was not strongly associated with breast cancer risk. Physical activity between ages 14-22 appeared to be modestly protective for premenopausal breast cancer, but associations were attenuated when adjusted for adult physical activity and other adult factors. Early life physical activity was not associated with reduced postmenopausal breast cancer risk. However, given that few behaviors are known to prevent premenopausal breast cancer, the possible protective effect of adolescent physical is encouraging. Physical activity in early life and throughout adulthood should be promoted in all girls and women to prevent chronic diseases and possibly breast cancer.
